arXiv:1504.01980v2 [cond-mat.mes-hall] 10 Apr 2015 


Disorder Enhanced Nuclear Spin Relaxation at Landau Level Filling Factor One 

Tong Guan/ Benedikt Friess,^ Yongqing Li/’Q Shishen Yan,^ 

Vladimir Umansky,^ Klaus von Klitzing,^ and Jurgen H. Smet^’0 

^Beijing National Laboratory for Condensed Matter Physics, 

Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China 
^Max Planck Institute for Solid State Research, Heisenbergstrafle 1, D-70569, Stuttgart, Cermany 
^School of Physics, Shandong University, Jinan 250100, China 
^Weizmann Institute of Science, Rehovot 76100, Israel 
(Dated: April 13, 2015) 

The nuclear spin relaxation rate (1/21) is measured for GaAs two-dimensional electron systems 
in the quantum Hall regime with an all-electrical technique for agitating and probing the nuclear 
spins. A ’’tilted plateau” feature is observed near the Landau level filling factor r = 1 in \/T\ versus 
V. Both width and magnitude of the plateau increase with decreasing electron density. At low 
temperatures, 1/Ti exhibits an Arrhenius temperature dependence within the tilted plateau regime. 

The extracted energy gaps are up to two orders of magnitude smaller than the corresponding charge 
transport gaps. These results point to a nontrivial mechanism for the disorder enhanced nuclear spin 
relaxation, in which microscopic inhomogeneities play a key role for the low energy spin excitations 
related to skyrmions. 


I. INTRODUCTION 

Because the relaxation of nuclear spins can proceed via 
the hyperfine interaction with electrons, measurement 
of the nuclear spin relaxation rate provides a powerful 
means of probing complex and rich spin related electronic 
structures that exist in various systems. This is particu¬ 
larly true for the two dimensional electron system (2DES) 
exposed to a perpendicular magnetic field B (for reviews 
see Refs, [ll, y])- In case of a sufficiently strong magnetic 
field, the energy spectrum is discretized and the i?-field 
also causes a large mismatch between the Zeeman ener¬ 
gies of electrons and nuclei. It suppresses the nuclear 
spin relaxation via the hyperfine interaction, since the 
electron-nuclear spin flip-flop processes are forbidden by 
the law of energy conservation. Nuclear spin relaxation 
via the hyperfine interaction is however possible, if the 
Zeeman energy mismatch can be compensated in some 
other features in the energy spectrum. Examples include 
the existence of an overlap between the disorder broad¬ 
ened Landau levels of opposite spins Q , differently dot- 
ulated edge channels of opposite spin orientations [1, Q , 
the presence of interaction induced gapless low energy 
excitations involving spin flips as they occur in a Skyrme 
crystal @ , and the coexistence of domains with opposite 
spin originating from a spin-related phase transition in 
the electronic system as a result of disorder 1^. Nu¬ 
clear spin relaxation measurements have played an im¬ 
portant role in unveiling the nature of complex low en¬ 
ergy excitations and spin-related phase transitions in the 
2D systems [l|, 0 . 

Numerous experiments have reported a strong en¬ 
hancement of the nuclear spin relaxation rate near but 
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not at Landau level filling factor v = nh/{eB) = 1, where 
n is the 2D electron density, h is the Planck constant, 
e is electron charge, and B is perpendicular magnetic 
flux density (i.e. B-field component perpendicular to the 
2DES plane) When the strength of disorder 

is weak, the ground state at = 1 is a fully spin-polarized 
quantum Hall ferromagnet 0- When the filling deviates 
from exact iz = 1, skyrmions, vortex-like spin textures 
possessing topological charge, emerge as a consequence of 
lowering the exchange energy between the electrons [H- 
[^ . In the presence of a sufficient number of skyrmions 
the nuclear spin relaxation rate (1/Ti) is enhanced. This 
enhancement has frequently been attributed to a gapless 
Goldstone mode of a Skyrme crystal that forms at low 
temperatures [2ll - [^ . Even though such low energy exci¬ 
tations of skyrmions provide a natural explanation of the 
enhanced nuclear spin relaxation, controversy remains in 
view of discrepancies in the observed temperature depen¬ 
dence of l/Ti [l,[T2-[l3l and in the predicted temperature 
for the melting of the Skyrme crystal [23l - l^ . It has also 
been pointed out theoretically that quantum fluctuations 
may lead to a liquid ground state near v = 1 at zero 
temperature 0. When disorder effects are included, 
the fully spin-polarized quantum Hall ferromagnet from 
which it all starts may be an oversimplified description 
of the V = 1 ground state even at zero temperature, and 
other electronic phases, such as paramagnetic states, par¬ 
tially polarized ferromagnetic states and quantum Hall 
spin glasses, have been predicted [^. [28l - [^ . Previous 
experiments on nuclear spin relaxation at or near v = 1 
have, however, not been performed such that the disorder 
effects on the electron spin structures can be explored in 
detail, in particular at temperatures below 40 mK. 

In this work, we shed more light on the nuclear spin 
relaxation issue near and at ^ = 1 by extending existing 
studies to samples with different levels of disorder and to 
temperatures less than 15 mK. This temperature regime 
has become accessible by using all-electrical nuclear spin 
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relaxation experiments. The role of disorder is studied 
either by varying the electron density with a back gate 
or by comparing samples of different quality. The nu¬ 
clear spin relaxation rate exhibits a tilted plateau struc¬ 
ture around v = 1. This plateau vanishes with improved 
sample quality indicating an important role of disorder. 
Previously invoked mechanisms |^, to account for 

disorder enhanced nuclear spin relaxation near odd filling 
factors are not compatible with our data. 


II. EXPERIMENTS 

Our studies reported here were mainly performed on 
two GaAs/AlGaAs quantum well wafers. Both wafers 
were patterned into 400 /rm Hall bar shaped samples 
equipped with a backgate. In sample A, the 2DES re¬ 
sides in a 16 nm wide quantum well and the electron 
density n varies with the backgate voltage Vg in units 
of Volts according to n = (1.79 -I- O.SOVq) x lO^^cm”^. 
Sample B has a 30 nm wide quantum well and n = 
(1.79 + 0.69Vg) X 10^^ cm“^. The electron mobilities at 
Vg = 0 are 0.8 x 10® and 1.3 x lO^cm^/Vs for samples 
A and B, respectively. The data shown below were taken 
on sample A unless otherwise specified. 

The all-electrical method to detect the nuclear spin 
relaxation rate at an arbitrary filling factor t'^est only re¬ 
quires quasi-dc electron transport [34|. The nuclear spin 
system is first driven out of equilibrium to elicit a time- 
dependent response, for instance by imposing an electri¬ 
cal current through the sample. Subsequently, the recov¬ 
ery to equilibrium is monitored. At the H-fields relevant 
here, the Fermi sea of composite fermions at = 1/2 
is partially polarized. The two spin populations have 
a continuous and finite density of states. This enables 
Korringa-like hyperfine coupling, so that the nuclear spin 
system can efficiently interact with the electronic spin 
system [ij. This property is exploited to drive the nu¬ 
clear spin system out of equilibrium. The nuclear spin 
polarization is estimated to be approximately 10% if the 
system is left to equilibrate sufficiently long at base tem¬ 
perature. A small ac current is imposed in order to heat 
up the electronic system. Entropy is transferred via the 
hyperfine coupling and the existing thermal nuclear spin 
polarization is partially annihilated. The longitudinal re¬ 
sistance i?xx at = 1/2 depends on the electron Zeeman 
energy as long as the composite fermion sea is partially 
spin polarized. This is demonstrated in Fig. la where i?xx 
at ^ = 1/2 is plotted as a function of the total magnetic 
field Btot for three different values of the perpendicular 
H-field. The value of i?xx increases with increasing total 
field, i.e. Zeeman energy, and then saturates when the 
composite fermion sea is fully spin polarized (marked by 
arrows in Fig. la). A detailed de scrip tion of the observed 
behavior can be found in Refs. |^. The degree of 
nuclear spin polarization modifies the composite fermion 
Zeeman energy. Therefore, changes in the nuclear spin 
polarization can be monitored by recording the evolution 


of i?xx at iz = 1/2. 

The measurement sequence to detect the nuclear spin 
relaxation rate at filling Vrest is illustrated in Fig. lb. Ini¬ 
tially, a small low frequency ac current at = 1/2 is im¬ 
posed to increase the electron temperature and partially 
depolarize the nuclear spin system [^ . Simultaneously, 
i?xx at = 1/2 can be measured. The current is switched 
off and the gate voltage is then set to reach t'^est where 
the system is left for some time treat, during which the 
nuclear spin polarization relaxes towards the equilibrium 
value for t'rest- Subsequently, the filling is set back to 
1/2 for a sufficiently long time (tmeas)- The ac current 
is turned on as before in order to measure i?xx and par¬ 
tially depolarize the nuclear spin system to prepare for 
the next sequence. As illustrated in Fig. 2b, the trace of 
i?xx at = 1/2 vs. t is fitted to the exponential decay 
function: 

^xx(t) = ^0 + Ai?xx exp(-t/r). (1) 

Note that only Ai?xx is of interest, since 1/r does not 
reflect the nuclear spin relaxation rate for t'rest but for 
1 / = 1/2. In the examples of Fig. lb, Ai?xx < 0. The 
measurement sequence is repeated for different Aest and 
iZi-est- The (Ai?xx, trest) data is then fitted to a similar 
exponential function: 

ARxx (trest ) = Ai?oo + Ai?exp(-trest/n)- (2) 

The extracted time constant ti yields the relaxation rate 
at t'rest (Fig. Ic). If Ai?xx is not too l arg e, n is close 
to the nuclear spin relaxation time 7i []|. If not, the 
required correction can be easily carried out as described 
in Ref. [s^. This all-electrical method is not limited to 
the use of ^ = 1/2. Also, the spin transition at i/ ^ 2/3 
can be similarly used for the all-electrical spin relaxation 
measurements [sl. 1^. . 

The nuclear spin relaxation measurements reported 
here were carried out in two top-loading dilution refriger¬ 
ators with superconducting magnets. Extensive low pass 
filtering in the electrical wirings have been implemented 
in order to obtain low electron temperatures. The tem¬ 
perature was monitored with calibrated ruthenium oxide 
sensors mounted near the location of the samples. Mea¬ 
surements of fractional quantum Hall states with small 
activation gaps (such as = 5/2 states [s^) were used 
to confirm the electrons in the quantum Hall regime can 
be cooled down to at least 15 mK in both dilution refrig¬ 
erator systems. 

III. RESULTS AND DISCUSSION 

Fig. 2a displays the filling factor dependence of the 
relaxation rate measured with B = 9T at the base tem¬ 
perature. The 1/Ti data exhibit pronounced peaks at 

— 1| ss 0.18. These peaks are qualitatively similar to 
those observed previously by Barrett et al. with optically 
pumped NMR at 2.1 K and by resistive detection at 
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FIG. 1. (a) i?xx a-t V = 1/2 as a function of the total magnetic field, Btot, at the base temperature for perpendicular fields B = 
6, 9, and 12 T. Increasing of Btot leads to transitions from partial to full spin polarization, which are marked by short vertical 
lines. The arrows denotes regions of full spin polarization, (b) A fraction of the measurement sequence for the nuclear spin 
relaxation measurements. The bottom panel shows an example of Rxx-t trace (circles) and the exponential decay fit to Eq. (1) 
(line), (c) An example of how to extract time constant n with a fit of the Ai?xx data extracted from the procedure illustrated 
in panel (b) to Eq. (2). 


iz 2/3 0 , [ 1 ] . They were attributed to the gapless Gold- 
stone mode of the Skyrme crystal. According to the the¬ 
ory of Cote et ah, the enhancement of the nuclear spin 
relaxation rate is proportional to both |iz — 1| and the 
temperature [2^. We will comment on this later. The 
drop of 1/Ti beyond the peaks (i.e. \v — \\> 0.18) may 
just reflect that skyrmionic excitations are no longer fa¬ 
vorable at high densities (larger \v — 1|) and the system 
may give way to quantum liquids as — 1| increases [^ . 

An unusual feature of the l/Ti vs. v-cest data is the 
’’tilted plateau” structure, which exists between the two 
1/Ti peaks and around v = 1. As shown in Fig. 2a, 1/Ti 
could be much larger than that expected for a perfect 
Skyrme crystal within the plateau. Such a structure is ro¬ 
bust against increasing temperature. Fig. 2b shows that 
similar plateau shows up at temperatures up to 84 mK 
for S = 9T despite much larger values of 1/Ti at higher 
T. Similar measurements were also carried out with dif¬ 
ferent magenetic fields for sample A and also for sample 
B. For the sake of identifying features, iixx is shown in 
Fig. 2c as a function of the filling factor for B = 6,9, 12 T 
for sample A and 4.1 T for sample B. The corresponding 
filing factor dependences of 1/Ti are depicted in Fig. 2d, 


which shows that the width of the tilted plateau (Ai^tp ) 
decreases significantly as B is increased from 6 T to 12 T. 
At exact v^est = 1, the nuclear spin relaxation rate is un¬ 
expectedly larger than that expected for a perfect quan¬ 
tum Hall ferromagnet 231. 


For a homogeneous disorder free quantum Hall fer¬ 
romagnet at iz = 1, the lowest energy charged excita¬ 
tions involving electronic spin flips are skyrmions, and 
the lowest energy neutral excitations are spin waves or 
magnons M- Both types of excitations require an energy 
that exceeds by orders of rnagnitude the energy involved 
in flipping a nuclear spin (l^ [^ . Nuclear spin relax¬ 
ation assisted by the hyperfine coupling should therefore 
be strongly suppressed and 1/Ti is expected to be van¬ 
ishingly small at the temperatures encountered in this 
work. Contrary to these expectations, the observed l/Ti 
at ^'rest = 1 in Fig. 2 on sample A is anomalously large. 
The nuclear spin relaxation rate at ^'rest = 1 is largest at 
low fields and drops at higher fields as the tilted plateau 
becomes narrower and less pronounced. On sample B 
with a much higher mobility the tilted plateau has van¬ 
ished all together. Based on these observations, we con¬ 
jecture that the tilted plateau structure is associated with 
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FIG. 2. (a) Filling factor dependence of the nuclear spin relaxation rate, 1/Ti, measured at B = 9T at the base temperature 
for sample A. The experimental data (symbols) are compared with the model of Cote et al. proposed for disorder-free 
Skyrme crystals (dotted lines following 1/Ti oc — 1|). The width of the tilted plateau is labeled as Az/tp- (b) Filling factor 
dependences of 1/Ti for sample A with B = 9T at T = 10, 37, 42, 72, and 84mK (from bottom to top), (c-d) Filling factor 
dependences of the longitudinal resistance Bxx (c) and l/Ti (d) at B = 6, 9, 12 T for sample A and 4.1 T for sample B. The 
measurements were carried out at T =46 mK and the base temperature for samples A and B, respectively. In panel (c), the 
Rxx-v curves are offset by 2 kH intervals for clarity. 


the level of disorder. As we tune the density in sample 
A to higher values, the bare disorder potential, i.e. the 
amplitude of the density variations An, remains approx¬ 
imately the same [s^, but the spatial variations in the 
filling factor become smaller as n varies with An/n. 

In fact, disorder enhanced nuclear spin relaxation was 
studied lon^go [1, [H, |3^ . In the experimental work by 
Berg et al. Q, 1/T'i was found to be correlated with Cxx 
(or i?xx) near n = 3 at T = 1.3K, and the data could 
be fairly well explained by considering the exchanged en¬ 
hanced Zeeman splitting and disorder induced Landau 
level broadening. A non-vanishing overlap between the 
densities of states for the spin-up and spin-down elec¬ 
tronic states allows for Korringa-like nuclear spin relax¬ 
ation. This simple, phenomenological model, however, 
does not fit our data. As shown in Fig. 2, the filling 
factor dependence of 1/Ti is uncorrelated with the de¬ 
pendence of i?xx. Fig. 3a illustrates that 1/Ti at = 1 is 
significantly higher than at = 0.76 for T > 50 mK. In 


contrast, which can be calculated from i?xx in Fig. 3b 
is vanishingly small at = 1 due to the large thermal ac¬ 
tivation gap (about 50 K), whereas a^x is quite large at 
ly = 0.76. At = 0.85, where the nuclear spins relax 
most rapidly at T > 30 mK, cjxx is also nearly zero (See 
Figs. 3b and 4a). Hence, the disorder model of Berg et 
al. fails to explain the anomalously large relaxation rate 
at = 1 as well as the tilted plateau feature. 

We note that not only these relaxation rate measure¬ 
ments shown above but also previous measurements of 
the fillin g fa ctor dependence of the electron spin polariza¬ 
tion 1^ . exhibited tilted plateau features around 

V = 1. For a disorder free quantum Hall ferromagnet, 
a quick depolarization from full spin polarization is ex¬ 
pected as one moves away from exact filling factor 1, i.e. 
from exact matching between the number of flux quanta 
and that of electrons. For every unmatched flux quantum 
or electron, an anti-skyrmion or skyrmion is generated 
involving more than one electron spin flips |16l |. The 

























measured electron spin polarization ai v = \ is, how¬ 
ever, far away from the expected full polarization and 
only outside of the tilted plateau, the electron spin po¬ 
larization follows the quick depolarization 1^ . 

Local compressibility measurements with a single elec¬ 
tron transistor have revealed that electrons attempt to 
screen, i.e. flatten, the bare disorder potential by setting 
up a spatially dependent density profile An{x,y) [s^. 
However, as one approaches exact integer quantum Hall 
fillings, electrons fail to screen the bare disorder potential 
in some parts of the sample because the local density of 
states has been exhausted. As a result, a landscape of 
anti-dots or dots surrounded by an incompressible lake 
with the nearby integer filling emerges. If disorder is suf¬ 
ficiently strong, dots and anti-dots may coexist. In these 
anti-dot regions, electrons are missing and hence anti- 
skyrmions form. In dot regions, skyrmions are present. 
These skyrmion and anti-skyrmion puddles will signifi¬ 
cantly lower the average electron spin polarization. They 
are bound to be responsible for the observed reduced 
spin polarization IHI, As we deviate from av¬ 
erage hlling factor I, anti-dots shrink, while dots expand 
or vice versa. This compensation effect may account for 
the tilted plateau. This puddle picture of skyrmions and 
anti-skyrmions may also play an important role for the 
observed plateau in the nuclear spin relaxation rate in 
view of the close resemblance with the behavior of the 
electron spin polarization. With increased H-held, the 
same landscape of dots and anti-dots recurs at higher 
average density [s^. Since the bare disorder potential 
does not vary with the field, the spatial density profile 
i5n(a;, y) set up by the electrons remains the same. As 
a consequence, the hlling factor variation {Av ^ An/n) 
drops with increasing H-held. The tilted plateau width, 
Ai^tp, which likely rehects the spatial variation in hll¬ 
ing factor, will therefore shrink with increasing magnetic 
held, in qualitative agreement with the experimental data 
in Fig. 2d. 

The temperature dependence of l/Ti may also shed 
light on the underlying relaxation mechanisms. At p = 1, 
the nuclear spin relaxation rate in Fig. 3a exhibits ther¬ 
mally activated behavior within the investigated temper¬ 
ature range. An activation gap Ag w O.Il K is extracted 
from an Arrhenius ht to the data. Apparently an en¬ 
ergy barrier prevents the nuclear spin relaxation in the 
limit of zero temperature. It is tempting to argue that 
the incompressible region separating the skyrmion and 
anti-skyrmion puddles is the origin of this energy bar¬ 
rier. Yet, a microscopic picture is lacking for what kind 
of low energy electronic spin excitations would emerge 
in such a disordered spin system and how these excita¬ 
tions would enhance nuclear spin flips while propagating 
between these puddles. 

Fig. 3a also contains the temperature dependence of 
1/Ti at other filling factors. It is noteworthy that near 
iz = 0.85, the relaxation rate is close to the largest among 
the filling factors investigated in this work and in several 
previously reported theoretical and experimental stud- 
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FIG. 3. (a) Temperature dependence of the nuclear spin relax¬ 
ation rate l/Ti at r/ = 0.85 (squares), 1.00 (circles), and 0.76 
(triangles) with B = 9T. The solid lines are Arrhenius hts to 
the data. The gray dotted lines illustrates linear temperature 
dependence expected from the Korringa law. (b) Filling fac¬ 
tor dependence of i?xx at four temperatures between 20 and 
100 mK. 

ies [l2-[I3) US [13 ■ The nuclear spin relaxation rate varies 
approximately linearly with temperature down to about 
45 mK. Below this temperature, 1/Ti drops more rapidly 
in a non-linear fashion. The Arrhenius fit yields an en¬ 
ergy gap Ag Ri 0.08 K, while the gap for charge trans¬ 
port at this filling factor equals Ac ~ 0.54K (Fig. 4a). A 
summary of the charge transport gap Ac and the thermal 
activation energy Ag for the nuclear spin relaxation is dis¬ 
played in Fig. 4b. For the sake of completeness, we point 
out that the linear temperature dependence observed at 
v = 0.85 down to 45 mK is consistent with previous re- 
sistively detected NMR data by Tracy et al. [IS]. Lower 
temperatures were not accessible in their nuclear mag¬ 
netic resonance (NMR)-based experiment. Resistively 
detected NMR data in Ref. [T^ suggested, however, an 
opposite behavior, namely increasing nuclear spin relax- 
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FIG. 4. (a) Temperature dependence of i?xx at = 0.76 

(diamonds), 0.81 (triangles), 0.83 (circles), and 0.85 (squares) 
and their fits to the Arrhenius law (lines) at i/=0.81-0.85. 
The inset shows the logi?xx vs. 1/T plot at v = 0.85. (b) 
Thermal activation gaps Ac (circles) and As (squares), at 
different filling factors, extracted from the Arrhenius fits of 
the T-dependences of i7xx and l/Ti, respectively. 


ation rate with decreasing temperature. 

Cote et al. [1^ have argued that by moving away suf¬ 
ficiently from ly = 1 skyrmions may form a crystalline 
lattice, and this lattice possesses a gapless Goldstone 
magnon mode that couples strongly to the nuclear spins 
because it is gapless. It provides a channel for rapid re¬ 
laxation of nuclear spins. It would give rise to a strongly 
enhanced relaxation rate with a Korringa-like, i.e. linear 
T-dependence of l/Ti. Even when the skyrmionic crys¬ 
tal melts into a liquid state, the Goldstone mode would 
presumably still be present as an overdamped mode. 
While the linear temperature dependence above 45 mK 
observed here and in Ref. [l^ is consistent with this pic¬ 


ture, the strongly suppressed relaxation at lower tem¬ 
perature is not. It should be noted that disorder is ab¬ 
sent in the considerations of Ref. [l^. Moreover, Bayot 
et al. observed a huge anomalous heat capacity peak at 


T Ri 40 mK in a multiple-quantum-well sample 
They attributed it to the liquid-to-solid transition of the 
Skyrme system near T = 40 mK. Within the model of 
Ref. [ 2 ^ , the suppressed spin relaxation observed in this 
work, however, does not favor a transition from a liquid 
to a crystal as T drops below 40 mK. 

Even though the microscopic picture presented above 
can capture the main features of our experimental ob¬ 
servations, it is still at a crude, qualitative level. Theo¬ 
retical effort must be taken on the low energy spin exci¬ 
tations emerging from the disordered skyrmion systems 
in order to fully understand the related spin phenom¬ 
ena. Unfortunately, theories based on Hartree-Fock cal¬ 
culations 2^ 23|or more rigorous quantum mechanical 
treatments iflin have not considered the filling fac¬ 
tor and temperature dependences of 1/Ti. Nevertheless, 
these theories and a recent experiment on charge trans¬ 
port near v = \ point to different ground states (e.g. 
quantum Hall spin glass) other than the simple quantum 
Hall ferromagnet when disorder is sufficiently strong in 
comparison to the electron-electron interactions. 


IV. CONCLUSION 

In summary, we have shown that the nuclear spin re¬ 
laxation measurements can be extended to temperatures 
well below 40 mK by using the electrical methods for agi¬ 
tating and probing nuclear spins. The nuclear spin relax¬ 
ation is found to be enhanced by disorder and exhibits 
thermally activated behavior. The energy gaps extracted 
from the nuclear spin relaxation measurements are I- 
2 orders magnitude smaller than those from the charge 
transport. We conclude that none of existing models can 
quantitatively describe the temperature dependence and 
the filling factor dependence of the nuclear spin relax¬ 
ation rate observed in this work. These features point to 
a nontrivial ground state and low energy spin excitations 
near filling factor u = 1. 
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